The toroidicity-induced Alfven eigenmode (TAE) excited by energetic (fast) ions was first simulated with GTC code, for HL-2A experiments. The simulation results indicate that the fraction of energetic ions (EIs) is about 3%. The critical density of EIs to induce TAE mode is around 0.023 which is in good agreement with theoretical expectation of 0.026. The real frequency of the TAE with toroidal mode number n=3 is around 211 kHz, being quantitatively in agreement with the experimental observation (Ding et al 2013 Nucl. Fusion 53 043015). The frequency is proportional to the summations of toroidal precession frequency and transit frequency of passing energetic ions, indicating that resonance with passing energetic ions is dominant for the excitation of the modes in the experiment. It is also checked by the phase space structures of |δf h | 2 (strength of energetic particle distribution function) that the TAE modes are mainly induced by passing energetic ions instead of by trapped ones in HL-2A. The growth rates of TAE modes increase with increasing of EIs density and its gradient. In addition, lower n TAE modes, such as n=1 can also be driven by energetic ions when off-axis heating with higher beam energy is employed in NBI experiment. The half width of radial mode structures for lower n modes is usually wider than those for higher n modes. At the same time, the polarization of the mode shows that the perturbed parallel electric field is zero. Thus, the TAE mode is close to an ideal MHD mode.
INTRODUCTION
Two Alfven continuums with same toroidal mode number n but different poloidal mode numbers, e. g. m and m+1, can strongly couple at the position of safety factor q=(m+0.5)/n and create a frequency gap. The TAE mode lying in the gap was predicted in theory [1] . In general, the mode is stable except for strong enough driving sources, such as NBI heating, alpha particles from the fusion product, existing in the gap [1] [2] [3] [4] . When the number and density gradient of energetic particles (EPs) is high enough and the corresponding damping [5] are overcome, the TAE modes can be driven by EPs. In many auxiliary heating experiments, TAE modes are extensively observed, which induce fast particles loss and eject a great amount of EPs [6] [7] [8] [9] [10] [11] . Gyrokinetic simulations with GTC code have been applied to investigate the properties of turbulent transport and the discernment of zonal flow for the first time [12] . Since then, many functions of GTC code have been developed to study micro/macro-instabilities [13] [14] [15] [16] . This work focuses on interpreting HL-2A experimental phenomenon and acquiring information about EPs from the simulation. The TAE activities, degrading plasma confinement, have also been measured in HL-2A and other devices [17] [18] [19] . The main motivations of this simulation are as follows, i) to find out the EIs amount and the corresponding critical density for inducing TAE mode in HL-2A, ii) to simulate the TAE properties in this device, iii) to investigate the excitation requirement of low n (m) TAE modes. In section 2, the physical model for gyrokinetic simulations are given. The simulated results are presented in section 3 and summarized in section 4.
THE PHYSICAL MODEL FOR GYROKINETIC SIMULATION
The gyrokinetic formulations to simulate toroidicity-induced Alfven eigenmode by GTC code in 5D frame ( // , , v X   ) are written as follows [13] [14] [15] 20] ,
Here, the subscript α refers to the species of particles. m α and Z α are particle mass and electric charge number， respectively.
are gyrocenter position, magnetic moment and parallel velocity of particles, respectively.
C α is collision operator. f α is particles distribution function.  is electrostatic potential and A // is parallel IAEA-CN-TH/P2-3 [Right hand page running head is the paper number in Times New Roman 8 point bold capitals, centred] component of vector potential. The drift velocity, the curvature drift velocity and the magnetic gradient drift velocity are respectively written as,
In this work, we use the fluid-kinetic hybrid electron model [21] . The zero order adiabatic part can be readily obtained by integrating over Eq. (1) and get the following continuity equation, 
here, the perturbed vector potential can be calculated by making use of the Faraday's law. 
Where  is the gyrophase-averaged electrostatic potential.
GYROKINETIC SIMULATION OF TAE ON THE HL-2A TOKAMAK
For HL-2A, the minor/major radii a/R 0 =40/165 cm, the toroidal magnetic field at magnetic axis B 0t =1.39 T, the electron density n e =2~3(×10 19 ) m -3 during NBI heating, the thermal particles temperature T e =T i =1 keV, the EIs temperature T f =40T e . The Alfven speed is
and n i , m i are density and mass of thermal ions, respectively, μ 0 =4π×10 -7 is the permeability. The Alfven frequency ω A =k // v A and the parallel wave vector k // =(nm/q)/R. Here, n is the toroidal mode number, m is the poloidal mode number and q is the safety factor.
Profiles of safety factor and energetic ions on HL-2A
Profiles safety factor and density of EIs are important for inducing TAE modes. The former influences frequency gap of continuous spectrum, whereas the latter is related to main driving source. In order to simulate HL-2A experimental results, the safety factor and the spatial profile of EIs are loaded from the experiment data calculated with EFIT and NUBEAM codes. . Therefore, the fraction of EIs in HL-2A experiment is approximately 3%. In order to check the simulation results with reference to the critical density of energetic ions in experiment, we can compare the simulated critical density with the theoretical one and examine the differences between them. The critical density of EIs can also be analytically estimated according to the TAE theory given in Ref. [1] , i. e. ) (
Here, v e is thermal speed of electrons, ω *h is diamagnetic frequency of energetic ions and can be readily calculated by using Eq. (9). The function F(x)=x(1+2x 2 +2x 4 )exp(-x 2 ) with x=v a /v h . By using the parameters of HL-2A, we can obtain the critical density of energetic ions n f,crit =0.026 which is very close to the simulated value 0.023.
FIG. 4. The real frequencies (red solid lines and circles) and growth rates (blue broken lines) of TAE modes as functions of density (a), the index of density profile (b) and (c) temperature of energetic ions with n=3, m=3/4, T f =40 keV and
Here the crosses represent the data points and in (c)
It is helpful for understanding the resonant excitation mechanism of TAE modes and determining the kinds of dominant EIs (e. g. trapped/passing ions) in inducing the modes to study the dependence of eigen-frequency on temperature of energetic ions. In general, the resonant conditions satisfy the relation nω dh + lω b,t = ω r . Here, the variables ω r , ω dh and ω b,t represent real frequency of TAE mode, the toroidal precession frequency, and the bounce/transit frequency of fast trapped/passing particles, respectively. The integer l is taken as l=0,±1…. The toroidal precession and bounce/transit frequencies of EIs are given by [22] , Here, K and E are the first and second elliptic functions with the argument k 2 = (1/α-1+ε)/2ε and k p =1/k. ε is the local inverse aspect ratio, α is the pitch angle of energetic ions, E and m h are the energy and mass of fast ions, and s is the magnetic shear. The neutral beam is injected into the plasma at an angle of 42 degree along the tangential direction in HL-2A. Thus, the pitch angle α=(v ⊥ /v) 2 =0.4477 in this device, which means that passing energetic ions are dominant. According to the parameters at the gap position, ε=0.0848, s=0.4569, the integers n=3 and l=1, we can estimate the frequency of TAE mode according to the resonant relation given above, f TAE =ω r /2π=203 kHz which is in agreement with the simulation results. On the other hand, the fractions of trapped particles are proportional to  2 (~0.41 at the frequency gap position for HL-2A). As a result, the fraction of trapped fast ions in HL-2A is also large enough. The highest ω dh and ω b can be obtained when we set the elliptical function argument k=0 (deeply trapped ions). Meanwhile, the corresponding mode frequency is .0035, b=0.00665 and c=0 .71, used to fit real frequency (red solid line). It can be learnt from the solid line and the red circles that the real frequency of TAE mode can be perfectly fitted by the analytical function, which analytically demonstrates that the real frequency of TAE mode is just the linear combination of toroidal precession frequency and transit frequency of passing EIs once again, and the toroidal precession and the transit motions of EIs are dominant for resonant excitation of TAE modes.
Besides, the resonant condition can also be identified in phase space of |δf h | 2~( E, α) , and the corresponding contours are shown in FIG. 5. Here, the variable δf h is perturbed distribution function of EIs. The bold black lines are analytical resonant condition (nω dh + lω b,t = ω TAE , n=3, l=1 for passing EIs and n=3, l=3 for trapped EIs) calculated according to Eq. (10). The results show that two resonant zones are in the range of 0.2<α<0.8, 20<E<100 (keV) and 0.9<α<1.0, 40<E<100 (keV), respectively. Theoretically speaking, both trapped and passing energetic ions can destabilize TAE instabilities via resonant interaction between wave and particles. In fact, it is difficult for trapped energetic ions to excited TAE mode due to the tangential beam injection and lower maximum beam energy (around 40 keV) for HL-2A. 
Conditions for excitation of low n TAE modes on HL-2A
Although the TAE modes with mode number n=3 (m=3/4) have been observed in experiment and the mode frequency is in agreement with the simulated results, yet the lower n number modes, such as n=2 (m=2/3) and n=1 (m=1/2) have not been observed in HL-2A experiments. The reasons may include weak driving source, strong damping and the variation of resonant condition coming from changing of toroidal mode number. According to the resonance condition nω dh + lω t = ω TAE , it can be seen that the original resonance condition may not be satisfied any longer when the mode number n is changed. Thus, the low n modes cannot be excited in experiment unless new resonance conditions are satisfied. To be specific, low n TAE modes cannot be induced unless the beam energy is increased to raise the characteristic frequency of TAE modes (such as the toroidal precession frequency, the bounce/transit frequency of EIs) and satisfy the new resonance conditions. Besides, the positions of maximum density gradient of energetic ions also play a crucial role in destabilizing the TAE mode. Strong enough density gradient of energetic ions within the frequency gap is another important condition for driving TAE instabilities. The frequency gaps for low n modes, e. g n=2, m=2/3 and n=1, m=1/2, can be roughly estimated from TAE theory [1] as located at the positions 27 . 0 0   and 44 . 0 0   , respectively, for HL-2A parameters. In the case of on-axis NBI heating, the density gradients of EIs at radial position of accumulation point for low n (especially n=1) modes are correspondingly small, which weakens the driving force at these positions. Besides, considering the dependence of toroidal mode number n on resonant excitation requirement, the toroidal precession frequencies of energetic ions cannot match with the shear Alfven frequencies any longer at the gap position in low n cases. The both reasons maybe result in the failures to observe low n TAE modes in HL-2A experiment. Accordingly, the low n TAE modes may be excited through modification of the position of maximum density gradient of EIs and raising the injection energy of neutral beam. Theoretically, the resonance relation can be satisfied when the maximum beam energy is raised to T f =44 keV and T f =50 keV for n=2 and n=1, respectively. At the same time, the positions of maximum density gradient need to be shifted to 27 . 0 0   and 44 . 0 0   for n=2 and n=1, respectively. Then, the low n modes, n=1, n=2 and so on can also be induced by EPs. Note, these parameters about density profile and temperature of energetic ions are only theoretical estimations whereas the real values can be determined by simulation.
According to the above theoretical analysis, the temperature of EIs is first changed to T f =44 keV for n=2 and T f =50 keV for n=1, whereas the corresponding density profile is not changed. The simulated results show that the n=1 mode cannot be excited by energetic ions at all. The n=2 (m=2/3) mode can be induced, but the mode structure is not well organized, not given here. It is necessary to modify the value of normalized magnetic flux 0  in Eq. (9), or to change the maximum injection energy of neutral beam so as to satisfy the resonant condition. Considering the little difference of resonance requirements for inducing n=2 and n=3 TAE modes, the maximum beam energy is still kept unchanged for n=2 case, i. e. T f =40 keV. The TAE mode for n=2 can be driven unstable and the results are presented in figure 8 and figure 9 , when the normal magnetic flux in Eq. (9) is changed to 25 . 0 0   (n H =0.49, 11 . 0  
). In accordance with the above analytical estimation, the mode with lower toroidal mode number, such as n=1 (m=1/2), can be driven unstable when the temperature of fast ions and the normalized magnetic flux are set to T f =50 keV and 44 . 0 0   , respectively. Actually, the TAE mode with n=1 (m=1/2) is induced and a perfect mode structure can be obtained when the temperature of EIs results are shown in figures 10 and 11. Meanwhile, the results shown in figures 8 and 9 are evolution of vector potential A // and the corresponding frequency spectrums for TAE modes with lower mode numbers n=2 (m=2/3) (e. g. figure 8 ) and n=1 (m=1/2) (e. g. figure 10 ). Similar with the results given in figure 3 , the black and pink lines are real and imaginary parts of vector potential, respectively. By comparing with those in figure 3 , it can be learnt that the mode frequencies decrease with decreasing toroidal mode numbers. Thus, besides the results
